Introduction
Natural Resources Canada (NRCan) is responsible for conducting radiometric surveys in response to radiological and nuclear incidents. This requires high sensitivity systems that are easily deployable in order to detect, locate and identify radioactive materials in real time. Manned aircraft and terrestrial vehicle systems are traditionally used for nuclear emergency response surveying, and have demonstrated their importance during the Fukushima Dai-ichi Nuclear Power Plant accident [1] [2] [3] [4] . As the use of unmanned aerial vehicles (UAVs) becomes more common, NRCan is investigating the benefits UAVs provide to their existing radiometric systems. Flying lower and slower than manned aircraft, a UAV can provide improved spatial resolution. This is particularly beneficial in hot spot activity assessments as lower resolution surveys can underestimate count rates by averaging the hot spot over a larger area [5] . UAVs are also able to provide an additional level of safety for operators as they are able to collect measurements in areas containing possible radiological threats, or associated threats such as explosive or chemical hazards.
Several radiation detecting UAV systems have been built and tested [6] [7] [8] [9] [10] [11] .
Heavier systems have larger payload capacities, but have limited use due to Canadian flight regulations. Smaller UAVs are only capable of carrying smaller radiation detectors that have fewer applications for nuclear emergency response situations. The radiation detecting UAV system designed at NRCan has been specifically optimized for performance in the under 25 kg class of UAVs set by Canadian regulations.
Using the EGSnrc [12, 13] radiation propagation package, NRCan designed the Advanced Radiation Detector for UAV Operations (ARDUO) [14] to have optimal sensitivity and direction reconstruction capability given the lift capacity of the ING Robotic Aviation Inc. main-and tail-rotor Responder UAV [15] . The ARDUO features thallium-doped cesium iodide (CsI(Tl)) scintillator detectors in a self-shielding configuration read out with silicon photomultipliers. The performance of the silicon photomultipliers had been characterized though previous research [16] . Radiation Solutions Inc. [17] developed custom miniaturized pulse shaping and digital electronics for ARDUO and as well designed the ARDUO housing and mounts and integrated ARDUO's direction calculation into their RadAssist data acquisition and real-time display software. Post-acquisition processing techniques use this direction information to improve source localization. This paper presents results on how the ARDUO performs in a series of laboratory tests, a small-scale point-source survey and a larger-scale distributed-source survey. Further details about this work can be found in [18] .
Instrumentation
The ARDUO consists of eight 2.8 cm × 2.8 cm × 5.6 cm CsI(Tl) crystals in a self-shielding arrangement, resulting in a sensitive volume of 0.35 L. Each crystal is coupled with a silicon photomultiplier for light collection and the signal is digitized with miniaturized custom electronics. Every second, eight 1024-channel energy spectra spanning the energy range up to 3 MeV (one spectrum from each crystal) are saved and are tagged with a position from the Global Navigation Satellite System (GNSS). Each crystal in the ARDUO has a fullwidth-at-half-maximum energy resolution of approximately 7 % at 662 keV.
ARDUO is mounted on the Responder UAV built by ING Robotics Inc. The
Responder is a main-and tail-rotor, battery-powered UAV with a lift capacity of up to 6 kg and an endurance of up to 40 minutes. This type of UAV was chosen over a fixed-wing aircraft as it is capable of vertical takeoffs and landings, and has the ability to hover. In addition, main-and tail-rotor UAVs have larger lift capactities and better stability in windy conditions when compared to similarsized multi-rotor UAVs.
The Responder UAV and ARDUO crystal layout are shown in Figure 1 .
The ARDUO is mounted below the center of mass of the Responder UAV. The crystals are arranged in a rectangular array with two layers of four crystals.
A representative direction vector is shown, as well as its associated azimuth and elevation angles. The ARDUO is oriented such that the 0
• azimuth axis is aligned with the nose of the Responder UAV.
The ARDUO and Responder UAV system is flown in a semi-autonomous mode where it follows a series of GNSS waypoints that are planned by the operator prior to flight. During flight, the Responder UAV's PixHawk 1 autopilot logs the position and orientation of the system. The autopilot uses an extended Kalman filter with measurements from a GNSS antenna and receiver, compass, barometer and inertial measurement unit to determine its position and orientation every 0.02 seconds. The position and orientation data logged by the the autopilot are available for post-acquisition data analysis and mapping.
Direction Reconstruction
The direction vector pointing towards a detected radiation source is calculated using the self-shielding configuration of the crystals. The crystals with relatively higher gamma count rates will be closer to the source, while the crys-tals behind will have relatively lower gamma count rates due to the shielding of the front crystals. Using the relative count rates in each of the eight crystals over an energy range of 0.1 to 3.0 MeV, a direction vector in three dimensions, v = (u, v, w), is calculated according to Equations 1 to 3, where c i is the number of counts per second in crystal number i. The direction vector is calculated over this wide range of energy deposits (0.1 MeV to 3.0 MeV) to allow the direction reconstruction algorithm to produce a result for any spectrum in real time, prior to isotope identification. The direction reconstruction algorithm can also be expected to return a sensible direction result for heavily shielded isotopes or mixed radiation fields due to this wide energy window range.
After calculating the direction vector in three dimensions, the vector is comverted into spherical polar coordinates using Equations 4 and 5.
and,
The elevation angle spans from -90
• (directly below ARDUO) to 90 • (directly above ARDUO), and the azimuth angle spans 360
• clockwise along the horizon from the nose direction of the UAV. These angles are shown in Figure 1b .
Incorporating the telemetry of the Responder UAV, the ARDUO control software displays the self-shielding direction vector to the operator in real time.
The display is updated every second when a new radiation data point is collected. A screenshot of the real-time display is shown in Figure 2 . This display shows the counts in the current energy spectrum versus time; the one-second spectrum; a map of each data point location coloured according to the total spectrum counts; as well as the directional information. In the screenshot provided, it can be seen in the directional display that the source is located towards the right with respect to the flight direction, at an approximate -45
• angle downwards. This corresponds well to the true locations of the sources indicated by purple stars in the map display. The operator can also use the energy spectrum information displayed in real time for isotope identification. 
Post-Acquisition Data Analysis and Mapping
After a survey is flown, the data is processed and mapped to examine the spatial distribution of any sources contained within the survey area. Processing follows a number of distinct steps, as explained in the following subsections.
Energy Window Count Rates
A spectrum energy window from 0.1 to 3.0 MeV is used to calculate the crystal count rates per data point for the direction reconstruction process described in Section 3. The spectrum is then examined to determine the presence of any photopeaks and for isotope identification. An isotope-dependent energy window is then established around the isotope's photopeak of interest. The ARDUO count rates in this isotope-dependent energy window are used for subsequent count-rate mapping.
Background Subtraction
Aerial surveys are generally conducted outdoors, therefore the naturallyoccurring isotopes of K-40, U-238, and Th-232 could contribute a significant background signal to each measurement. This background signal can be estimated within the survey area by conducting a nearby survey where only natural sources are present; or, if available, by using previously conducted radiometric surveys for geological purposes of the area or nearby surroundings. The average background count rate is subtracted from the data.
Lag Correction
A lag correction is applied to the ARDUO radiation data time-stamps to account for the ARDUO's motion during the one-second data accumulation time. As each data point is time-stamped at the beginning of the accumulation time, 0.5 seconds is added to each time-stamp to shift them to a midpoint time.
These time-stamps are used to correlate the ARDUO radiation data with the Responder UAV's autopilot data.
Location and Orientation
The Responder UAV's PixHawk 1 autopilot logs its latitude, longitude, altitude above ground level, and orientation every 0.02 seconds using an extended Kalman filter and the suite of sensors listed in Section 2. This data stream is merged with the ARDUO's radiation data stream using the lag-corrected time-stamps, thus providing each radiation measurement with a position and orientation for further analysis.
Heading Correction
As the Responder and ARDUO UAV system is flying, the flight direction • respectively, where the uncertainty shows the root-mean-square deviation from the mean value. These small deviations of the system's orientation from a level orientation (with the ARDUO w axis pointing upward) were neglected in the analysis.
Count-Rate Map
With all preceding corrections made, the latitude and longitude from the autopilot are converted from the geographic World Geodetic System 1984 system to easting and northing coordinates from the projected Universal Transverse
Mercator system in the corresponding zone of the survey. Each data point is mapped based on its location. The count rate in the isotope-dependent energy window for each data point is interpolated using the inverse distance interpolation algorithm provided by the ArcGIS software suite [19] . The interpolated map can be used to interpret the spatial distribution of the radiation in the survey area.
Direction Vector Overlay
The direction vectors are calculated using the count rates in the spectrum energy window (0.1 to 3.0 MeV) and the process described in Section 3. This energy window is used for the direction vector calculation as the partial gammaray energy deposits are part of the signal from the source, therefore increasing the signal to noise ratio. All preceding corrections are made plus the additional heading correction to the azimuth angle presented in Section 4.5. The direction vectors can be displayed in two-dimensions and overlaid on the count-rate map.
Each direction vector is displayed as an arrow with the arrowhead at the data point location. The arrow is rotated to point in the direction of the azimuth angle with respect to true north. The length of the arrow represents the elevation angle, with shorter arrows being closer to vertical, and longer arrows being closer to horizontal. The arrow colour indicates whether the elevation angle is positive (upwards), or negative (downwards).
Direction Vector Projection
An additional processing step using the direction vectors can be done to improve on source localization. Each direction vector is projected to the ground surface, and new point is created where the vector intersects the ground. Only data points with downward elevation angles are used in this part of the analysis.
An additional restriction to elevation angles less than −40
• was applied to avoid the horizon region where reconstruction of the elevation angle is poor (to be presented in Section 5.1).
A diagram illustrating this process is shown in Figure 3 . The locations of each data point at an altitude above ground level are shown by the helicopters.
The direction vector is shown by the orange arrow extending from the ARDUO to the ground, shown by the blue surface. While a flat surface is shown in Figure 3 , the method is extendable to terrain with topographic variations by using a digital elevation model. The direction vector's intersection point with the ground is calculated using the Responder UAV's orientation and position from the autopilot, and the direction vector's azimuth and elevation angles. The kernel density function provided by ArcGIS [20] is then used to contour the spatial point density of the intersection points, where each point is weighted by the number of measured gamma-ray energy deposits. Areas with higher point densities indicate possible source locations.
As the distance between the location where the data was collected and the location where the direction vector intersects the ground is calculated, a source strength at ground level could in principle be estimated. This estimation adds additional complexity to the processing methods, especially in the case of multiple point sources, and is outside the scope of this paper.
Results

Laboratory Tests
To determine the the ARDUO's direction reconstruction capabilities, a series of experiments were conducted in laboratory conditions. A calibrated 3. Likewise, the measurement taken at a true elevation angle of 50
• and a true azimuth angle of 315
• appears to be affected by the mass of the batteries.
As the elevation angle approaches vertical, the reconstructed elevation points generally lie near the known system response curve.
Two Point Sources
Following the laboratory tests, the in-flight performance of the ARDUO was The flight data were processed according to the procedure described in Section 4. The two maps resulting from the survey and the post-acquisition data analysis can be seen in Figure 6 . 
Summary and Conclusions
The ARDUO is a novel detector of gamma radiation that is mounted on a UAV. The ARDUO meaures gamma energy spectra as a function of position and also determines the direction of radioactivity using its self-shielding properties. The ARDUO and UAV system can conduct aerial radiometric surveys and display the data as well as directional information in real time, allowing for in-flight source locating. In post-processing, the directional information can be used to improve source locating. Mapping of the direction vectors appears to provide a superior ablility to distinguish multiple point sources and spatially restrict distributed sources, improving on mapping the gamma count rates alone.
A point density map may be produced by projecting the data points from the UAV altitude to the ground and looking at the intersection points. The point density contours from the projected direction vectors more closely delineate the spatial distribution of the source than the simple count-rate contours. The direction vector projection method has been demonstrated by distinguishing two point sources with a 27 m separation, from an altitude approximately half this amount. The same method has also demonstrated to better constrain the spatial extent of a large distributed source. 
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